Abstract. The shipping sector is a significant contributor to emissions of air pollutants in marine and coastal 7 regions. In order to achieve sustainable shipping, primarily through new regulations and techniques, greater 8 knowledge of dispersion and deposition of air pollutants is required. Regional model calculations of the dispersion 9 and concentration of sulphur, nitrogen and particulate matter, as well as deposition of oxidized sulphur and 10
terms of its aerodynamic diameter where PM10 has an aerodynamic diameter less than 10 micrometres, while 23 PM2.5 has a diameter less than 2.5 micrometres. SO2 is also chemically transformed into sulphuric acid in the 24 presence of liquid water or water vapour and can cause acid rain which contributes to the acidification of the 25 oceans, lakes and soil. Sulphur and nitrogen from oxides are called oxidized sulphur, OXS, and oxidized nitrogen, 26 OXN, in deposition and both act as acidifying compounds. 27
Effects of air pollution vary in both space and time; they may be short-lived and local or more major challenge in the Baltic Sea region today where the critical load is exceeded in big parts of the area (Gauss 9 et al., 2013) . Due to its brackish water the Baltic Sea has a rather lower buffer capacity, and is thus more sensitive 10 to acidification (Andersen et al., 2010) . 11
The maritime sector was, at least earlier, one of the least controlled sources of anthropogenic emissions. It is a 12 global cross-border sector with conditions making legislation challenging (Aardenne et al., 2013) . The 13 International Maritime Organization (IMO) is the agency within the United Nations (UN) responsible for maritime 14 security and safety together with prevention of pollutants by ships (International Maritime Organization, 2015) . 15 
IMO has formulated The International Convention on the Prevention of Pollution by Ships (MARPOL) which has 16
been ratified globally (CleanShip, 2013) . MARPOL and its Annex VI regulate emissions from ships. 17 The regulations include the Sulphur Emission Control Area (SECA) which consists of the Baltic Sea, North Sea, the sulphur content in maritime fuel was restricted to 1.5% (percentage by mass) by refining to marine gas oil 22 (MGO). In 2010 it was reduced to 1.0% and according to J15, this reduction of sulphur had a positive effect on air 23 quality and the deposition of sulphur. A further reduction of the permitted level of sulphur to 0.1% was made in 24 January 2015 (Aardenne et al., 2013) . From 1 January 2020 the upper sulphur content should be reduced to 0.5% 25 globally (outside the SECAs) even if 2025 is a more probable outside EU (Jonson et al. 2015) . The reduction in 26 SECA has led to extensive investment in scrubbers, or Exhaust Gas Cleaning Systems (EGCS), since the refined 27 oil increases in price. Scrubbers use seawater to remove the sulphur oxides generated from high-sulphur fuels. An 28
expected effect of open-loop scrubbers is that acidification is concentrated along the shipping lanes as the scrubber 29 exhaust is released into the water. With scrubbers the ships can still use HSFO and it seems that the 0.5% limit can 30 be walked around (S&P Global Platts, 2016). 31
There is currently no international regulation of direct particulate emissions from shipping. But with less sulphur, 32 also particle emissions will decrease, but since there are other sources as well, the decrease is less. The regulations 33 of nitrogen emissions in MARPOL (TIER) are defined as a function of year of installation and ship speed (IMO, 34 2007). The TIER I standard was implemented in 2000 and was 10% stricter than for ships built before 2000. The 35 introduction of TIER II in 2011 was up to 15% stricter then the former. As regulations only include newly produced 36 ships, the effects of regulations of nitrogen emissions from shipping have so far been small. There are also Nitrogen 37
Emission Control Areas (NECA), e.g. in the Caribbean Sea and along the North American coast, but so far, not in 38 the Baltic Sea and North Sea. However, at the end of 2016 it was decided that in 2021 a NECA will be introduced 39 for the Baltic Sea and North Sea. There are indications that with this introduction, emissions of NOx will decrease 40 the use of scrubbers, but the results will be discussed in relation to other possibilities. In the analysis of the period 23 around 2010 we examine the impact of having coarse resolution on concentration and deposition as well as using 24 non-AIS databases for ship emissions, when comparing our results to J15. Concentrations may, for instance be 25 very dependent on resolution whereas deposition may be less sensitive. 26 Between model versions several changes that affect aerosol production/modelling have been implemented by the 32 EMEP community; e.g. modification of the sea salt parametrisation, changes in the standard aerosol surface area 33 and uptake rates, dust boundary conditions and an update of the split of particulate matter into elemental carbon, 34 organic matter and the remainder. Furthermore, biogenic emissions of dimethyl sulphide (DMS) have been 35 updated. Rather than being prescribed, DMS emissions are now calculated dynamically during the model 36 calculation and vary with meteorological conditions. 37
Data 27

EMEP Model System
Comparing the emissions in rv.4.4 and 4.8 shows very small differences, on the order of less than 1%. However, 38 deposition and concentrations deviate significantly due to the new modifications of the chemistry and physics. For background emissions of SO2, NOx, and the deposition of OXS, OXN (i.e., from sources other than ship 10 traffic), output from the MATCH chemical transport model (Robertson et al. 1999 ) was used. We used a simulation 11 for the 1900-2050 period set up as described by Engardt and Langner (2013) . Forcing was based on the RCP4. 
Measurements 16
We validated the EMEP modelled data for 2013 using measured concentrations of nitrogen dioxide, sulphur 17 dioxide and particulate matter from stations Vavihill and Utö (Fig. 2) As seen in sec 2.2 rv.4.8 gives higher depositions of OXS and especially OXN. This is further discussed in sec 5. 13
Also the spatial pattern of concentration and deposition was analysed and compared to the results from J15. For 14 each studied year, two model runs in the EMEP model were made, a base run and a scenario run. In the base run, 15 all emission sources were included, and in the scenario run, the emissions from international shipping in the Baltic 16
Sea and North Sea, were excluded (SNAP 8). The scenario run was subtracted from the base run to obtain the 17 impact of the international maritime sector in the Baltic Sea and the North Sea. 18
Model performance of concentrations 19
Particulate matter is difficult to measure and various measuring instruments register different types of particles, 1 which result in some uncertainties to input data. Also, some semi-volatile compounds exist in both gaseous and 2 particle form and the definition of the different particle groups vary in different countries. Moreover, there are still 3 components of the coarser particles, such as aerosol and biogenic organic farming dust that are not included in 4 EMEP model. Another uncertainty of the input data is that not all nations included in the EMEP area report yearly 5 emissions (Gauss et al., 2015) . We validated the EMEP modelled data for 2013 using measured concentrations of 6 nitrogen dioxide, sulphur dioxide and particulate matter from stations Vavihill and Utö. 7
Measured data were compared to daily averages of modelled data from the 50 km × 50 km grid box where the 8 measurement sites were localized. If measured data were specified in hourly values, calculations of daily averages 9
were made. When measured data were missing for one day, the validation for this day was excluded in the 10 evaluation. The evaluation included calculations of daily average, bias, correlation, root mean square error (RMSE) 11
and also the P-test and scatter plots of model results versus measured data of the daily average concentrations of 12 sulphur dioxide, nitrogen dioxide and particulate matter. 13
Future Ship Emissions 14
Five future scenarios differing with respect to the sulphur content of the fuel and scrubber usage of the shipping 15 fleet were developed (Table 2) use the scrubber technique to a large extent. This is due to the ice properties in the winter and the low alkalinity. 26
For scenarios 4 and 5 the emissions to the atmosphere are estimated to correspond to 0.1% sulphur in the fuel 27 (following the regulations). To achieve atmospheric emissions corresponding to 0.1% sulphur in the fuel it is 28 assumed that 96% of the sulphur is taken up in the scrubber, the scrubber water is discharged untreated and the 29 sulphur oxides are directly transformed into strong sulphuric acid. Regulations of nitrogen oxides emissions are in 30 an early stage. Therefore, these emissions are assumed to increase at the same rate as the shipping traffic. We here 31 follow the TREMOVE European transport model (De Ceuster et al., 2006), which gives an increase of 2.5% and 32 3.9% per year for cargo and passenger traffic, respectively. In addition, the effect of a NECA was studied, rather low (±10%). Therefore, no seasonal variation in the future emissions is assumed. 36 37 38 Table 2 . Future scenarios that differ with respect to the sulphur content of the fuel and scrubber usage 1 Scenario no.
Shipping not using wet scrubbers
% of total % sulphur in fuel
Shipping using wet scrubbers We here extend the database into the future using the alternative scenarios described in Section 3.3. We also use a 12 similar methodology as in Omstedt et al. (2015) , with the reference year 2011. The spatial distribution of 13 atmospheric deposition of sulphur oxides and nitrogen oxides from ship traffic was estimated by the EMEP model. sulphur emissions into the atmosphere in the Baltic Sea area. With scrubber, the OXS goes directly into the water 7 along the shipping lines. Note that it is assumed that ships are not using scrubbers north of Baltic proper (as 8 discussed in section 3.3). Averaged over the whole complete Baltic Sea (Fig 5b) it is seen that, if using 2.7% 9 sulphur fuel, the input of OXS into the sea is trespassing the deposition from the 1% scenario already by 2020. 10 This is regardless of which scenario (4 or 5) is used. If all ships in the region south of Åland are using scrubbers, 11
and fuel with a sulphur content of 2.7%, the emission of sulphur oxides into the Baltic Sea is expected to be almost 12 three times the size in 2050, compared to if no scrubbers were used and fuel with sulphur content of 1.0% (Fig.  13 expected to continue to be low for the examined time period from present to 2050 (Fig. 7) . The contribution of 13 deposition of oxidized sulphur from shipping is expected to increase somewhat from 2010 to 2050 in all basins of 14 the Baltic, but the levels will stay at low levels. The deposition of sulphur from all emission sources is predicted 15 to be rather invariable from 2010 to 2050, as given from RCP4. The deposition in the whole Baltic Sea is presented in Table 3 . The ship contribution to the total atmospheric OXS 8 deposition decreases, from 18% in 2011 to 5% in 2030 and 7% in 2050 (scen. 4). With scrubber, the contribution 9 adds up to more than 50%. In 2050 the atmospheric deposition has been reduced from 160 to 95 Mg yr -1 but with 10 scrubber the input into the Baltic Sea is increased to 227 Mg yr -1 , an increase by 42% (scen. 4). 11 The deposition of nitrogen from ship emissions is expected to increase to all the basins in the Baltic Sea from 2 present to 2050 as we do not include any coming regulations on nitrogen (Fig. 8) . The increase is due to increase 3 in traffic scenario. The total deposition of nitrogen in the Baltic Sea, from all emission sources, is expected to 4 increase in the Baltic Sea compared to current deposition level (Fig. 9) . The increase of nitrogen deposition varies 5 significantly for the different basins and for the Kattegat basin the highest values of nitrogen deposition in the 6 1970s will be exceeded before year 2050. The contribution of deposition of oxidized nitrogen from shipping is 7 expected to become a more significant contributor to total deposition of oxidized nitrogen from 2010 to 2050 in 8 all basins of the Baltic Sea ( Table 3 ). The OXN deposition is significantly lower than in J15. They used the 9 EC4MACS Interim Assessment (Amann et al. 2011) which indicates that the RCP4.5 has lower scenario on 10 nitrogen. That means that if using EC4MACS data, ship part of OXN deposition would be smaller, but total effect 11 be larger. The deposition for OXN in the whole Baltic Sea is presented in Table 3 . The ship contribution to total increases 6 for the atmospheric deposition, from 35% in 2011 to 60% in 2030 and 72% in 2050. In 2050 the atmospheric 7 deposition has been reduced from 77 to 88 Mg yr -1 , not counting for NECA. 8
9
We have, so far, not accounted for the long-term shift to TIER II and TIER III in NECA. A decision of a NECA 10 in Baltic Sea and North Sea was taken while preparing this paper. TIER II was introduced in 2011 and TIER III 11 will be introduced in 2021. In Table 4 estimates from J15 are shown and a reduction of emissions of 26% in Baltic 12
Sea and 29% in North Sea can be concluded in 2030, relative to without a NECA, i.e. to ships, mainly following 13 TIER II. We apply on our deposition a reducing factor due to both TIER II implementation and the NECA in 2021. 14 We assume that half of the fleet has implemented each regulation after 10 years, and completely after 30 years. Figure 10 . In a) estimated part of fleet applying to TIER I (blue), TIER II (red) and TIER III/NECA (orange), in 8 b) correction factor for OXN deposition from shipping, using the implementation of TIER II and the TIER III in 9 NECA from 2021. 10 
11
The deposition of OXS and OXN together acts as strong acids in the water. The result is an acidifying effect and 12 a pH decrease (Fig. 11) Fig.  9 12 for OXS and OXN. It is seen that for OXS the difference is below 5%, and with a decreasing trend counting 10 from Kattegat to Bothnian Bay. The pattern for OXN is almost the opposite with the largest correction in the 11 northern parts. Also, the correction is higher, 10 to 30%. The impact on the future scenarios is discussed in next 12 section. The implication of this is that this has very small effect on sulphur, because the atmospheric deposition is 13 already low, especially compared to the exhaust from the scrubbers. The nitrogen is more important, although the 14 largest relative effects of the correction is in the Bothnian Bay where the deposition is smallest, just 50 mg m 2 in 15 2050. Therefore, and since the scenarios are connected to other uncertainties, a correction was not made. (Table 4) . There has been a decrease although not stepwise as if all ships were using 1% sulphur 9 in fuel, directly. This may be an effect of the interpolation as mentioned in section 2.3 (Fagerli et al., 2015) , i.e. an 10 underestimation of the real ship emissions in 2012 and 2013. In Table 4 also the emissions used in J15 are shown. 11
There are sometimes large differences, possibly an effect of the resolution of data and Baltic Sea basin areas. The 12 largest deviation is for North Sea, but this area is not directly analysed in the present investigation. Table A1 in the Appendix. The yearly averages of the measured and modelled concentrations of the pollutants 16 were rather consistent (Table A1 ). The EMEP model underestimates the concentrations of NOx, SO2 and PM at 17 both Utö and Vavihill, except for NOx at Vavihill. The underestimations may be an effect of the underestimated 18 emissions mentioned above (Fagerli et al., 2015) . The model has some difficulty to model the maximum values of 19 the observed data (Fig. A1) , possibly an effect of the resolution. 20 
21
The seasonal variability of modelled and measured concentrations at Vavihill and Utö in 2013 is shown as monthly 22 averages in Fig A2. There is an overall good agreement for most of the pollutants. However, NO2 and SO2 at Utö 23 deviated significantly for some time periods and PM10 at Vavihill (Fig. A2, g ). The seasonal changes are well 24 captured, but the variability is rather underestimated by the model. Bias, mentioned above, is also evident here. 25 An aspect of the evaluation is that observed data from point measurements were compared modelled data from 26 The PM2.5 concentration is in-line with J15 but PM10 is much higher in the present study over the North Sea, 11 probably because of different definition of the content. The explanation cannot be referred to sea salt, which is on 12 one order of magnitude smaller. 80% of total concentration of the pollutants from all emissions sources in 2013. For PM2.5, the contribution from 7 shipping to total concentration was a maximum of around 20% and, for PM10, 13%. The highest concentrations of 8 the pollutants are found near big ports and shipping lanes, where the shipping activities were most intense (Fig.  9   14) . The highest concentrations of nitric oxide, nitrogen dioxide and sulphur dioxide are more clearly along the 10 shipping lanes, compared to PM2. 
Present Deposition 7
The simulated (by rv.4.8) wet deposition in 2013 from shipping in the Baltic Sea and North Sea reach over 60 8 mg(S)m -2 and 80 mg(N)m -2 in some of the areas in Europe (Fig. 3d and 17) . The amount of wet deposition of the 9 pollutants is high in coastal areas, which may be due to enhanced precipitation by coastal, orographic and frictional 10 effects on the meteorology.. This results in more deposited pollutants in countries with a long coastline. This is 11 consistent with the study of J15 where it was found that the deposition of nitrogen from shipping was high in the 12 seas and at coastlines. The large areas of OXN deposition over southern Norway, west coast of Sweden, and west 13 of Norway are both seen here and in J15. The dry deposition for the same year reach as maximum over 200 14 mg(S)m -2 and 65 mg(N)m -2 . The highest cumulative wet and dry depositions are found in areas close to some of 15 the shorelines in Europe and near big ports and shipping lanes (cf . Fig. 3 wet deposition of sulphur from all emissions sources reaches 29% in some areas of the Baltic Sea region and the 7 contribution of dry deposition of sulphur is calculated to a maximum of 84% of total dry deposition of sulphur in 8 (Fig. 17) . The percentage contribution of wet deposition of nitrogen reaches a maximum of 28% and the 9 contribution of dry deposition of nitrogen reached a maximum of 47%. Contribution of ship emissions to the total 10 (wet and dry) annual deposition of sulphur is as much as 56% in some areas and for nitrogen 29%. Deposition 11 pattern for the dry and wet deposition of oxidized sulphur and nitrogen differs slightly when wet deposition is 12 spread over a larger area than dry deposition. Dry deposition is more focused along ship routes. Dry deposition of 13 the pollutants caused by shipping represents, on the other hand, a higher percentage of total amounts of the 14 deposition than the wet deposition from shipping. The percentage contribution of dry deposition from shipping is 15 higher for oxidized sulphur than oxidized nitrogen. 
Discussion 5
We have in this investigation focused on the impact from scrubbers in the future on sulphur deposition, its potential 6 acidification of the Baltic Sea, and in addition also included oxidized nitrogen. We have not taken into account 7 input from non-sea salt base cations, like calcium from cement industry, and ammonium from for instance reduced NOx emissions from the ship traffic is also evaluated. We here included estimations of the effect from 11 TIER II and NECA from 2030. The conclusion that scrubbers increase the ocean acidification still holds, but it is 12 decreased by less than 20 %, when including the effect from NECA. Without scrubber, the impact from NECA is 13 very large on reduced acidification In other words, scrubbers offset the benefits of NECA. The introduction of 14 0.5% sulphur in fuel outside SECA is estimated to have a minor effect on the Baltic Sea deposition since the 15 atmospheric deposition is as low already now. The acid deposition from the scrubbers will also locally probably 16 be, even if it is horizontally mixed, a magnitude, or more, larger than the basin averages. In the worst case scenario, 17
at the basin scale, and assuming a mean mixing depth of 10 m of the surface water, the pH decrease in Kattegat 18 can be on the order 3 • 10 −4 per year (at pH 8.1). Locally, along shipping lanes, the pH decrease can be comparable 19 to CO2 uptake (Fig. 12a) . 20
This modelling study was based on international shipping emissions, which means that the contribution of 1 emissions from all shipping, including national, in the Baltic Sea and North Sea are somewhat higher than these 2 results show. In further work it would be of interest to include national emissions. To obtain more robust results, 3 national reported input data should be put under more control and a future study should as a suggestion also 4 examine how much impact it has on the result that several countries do not give complete reports of their annual 5 emissions, to reduce uncertainties in the model. 6
In this investigation we were using a mixture of modelling, and statistics, with all its uncertainties. We used 7 constant meteorology in the future scenario, but limited the uncertainties by using average of three meteorological 8
years ( Sea is an important source to high near-surface concentrations of nitric oxide, nitrogen dioxide, sulphur dioxide 32 and particular matter, and deposition of oxidized nitrogen and sulphur in the Baltic Sea and North Sea area. The 33 highest concentrations of the pollutants were found near big ports and along shipping lanes. There,the international 34 shipping in the Baltic Sea and North Sea was responsible for up to 80% of near surface concentrations of nitric 35 oxide, nitrogen dioxide and sulphur dioxide in 2013. For PM2.5, the contribution from shipping to total 36 concentration was up to 20% and, for PM10, up to 13%. The. It can also be seen that the contribution from shipping 37 is of importance also over larger areas at sea and over land where many people are exposed. The percentage 38 contribution from international shipping to dry deposition of sulphur was calculated to a maximum of 84% andcontributions of dry deposition of nitrogen reached a maximum of 47% in 2013. Wet deposition from shipping 1 was spread over a larger area than dry deposition. Dry deposition of the pollutants caused by shipping represented 2 a higher percentage of total amounts of the deposition than the wet deposition. The impact is even larger for the Baltic Sea as a whole, since almost all sulphur goes into the water and not to the 10 surrounding land areas. The estimates of the reduction in oxidized nitrogen deposition from introducing NECA in 11 2021, showed that there may be a large reduction of acidification. But in relation to the worst case scenario with 12 100% scrubbers in 2050, this effect is minor. 13
Considering the negative effects of the studied air pollutants and as the pollutants are a contributing factor of 14 several current challenges in the Baltic Sea and North Sea area, this study shows that continued analysis of the 15 maritime sector is required, in order to achieve sustainable shipping in the Baltic Sea and North Sea. For the marine 16 environment, a large-scale usage of open-loop scrubbers should be avoided, at least with the use of residual oil. 17 
18
To conclude 19
• Open-loop scrubbers concentrate sulphur input along shipping lines, with enhanced potential for 20 acidification, even if the atmospheric deposition is estimated to be low. 21
• Acidification from a fleet with 100% scrubbers, using high sulphur content fuel, may reach the total 22 deposition levels along the shipping lanes from the 1970s to 1990s. 23
• Open-loop scrubbers will give a significant contribution to the marine environment, unless medium 24 sulphur content distillates are used. http://www.regeringen.se/contentassets/aa876598dc384d8b9bcd33db3036bf2e/uppdrag-att-lamna-underlag-27 infor-genomforande-av-skarpta-krav-pa-svavelhalten-i-marina-branslen, (accessed 10.29.15), 2013. 28
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